Abstract. Sulfate is an important component of global atmospheric aerosol, and has partially compensated for greenhouse gas-induced warming during the industrial period. The magnitude of direct and indirect radiative forcing of aerosols since preindustrial time is a large uncertainty in climate models, which has been attributed largely to uncertainties in the preindustrial environment. Here, we report observations of the oxygen isotopic composition (! 17 O) of sulfate aerosol collected in the remote marine boundary layer (MBL) in spring and summer in order to evaluate sulfate production %$! mechanisms in pristine-like environments. Model-aided analysis of the observations suggests that 33-50% of sulfate in the MBL is formed via oxidation by hypohalous acids (HOX=HOBr+HOCl), a production mechanism typically excluded in large scale models due to uncertainties in the reaction rates. Based on the estimated fraction of sulfate formed via HOX oxidation, we further estimate that daily-averaged HOX concentrations on the order of 0.01-0.1 parts per trillion (ppt=pmol/mol) in the remote MBL during spring and summer are sufficient to explain the observations.
formation (Savarino et al., 2000) , and thus provides an observational constraint for sulfate formation pathways (Lee and Thiemens, 2001; Lee et al., 2001; Jenkins and Bao, 2006; McCabe et al., 2006; Patris et al., 2007; Dominguez et al., 2008; Alexander et al., 2005; 2009; 
where ! !" ! is the
O ratio of the sample, ! !"#$% ! is the same ratio of Vienna Standard Mean Ocean Water (VSMOW) (Gonfiantini et al., 1993) , and x=17 or 18. The # 17 O value is expressed in unit of per mill (‰). (Dubey et al., 1997; Lyons, 2001) , 0.7 ‰ (Savarino and Thiemens, 1999) , and -0.09 ‰ (Barkan and Luz, 2005) ,
respectively, which were discussed in detail in Alexander et al. (2005; 2009) and Sofen et al. (2011) and will not be repeated here. Primary anthropogenic sulfate has a # 17 O of 0 ‰ (Lee et al., 2002) . Sulfate produced from O 3 oxidation has a # 17 O of 6.5 ‰, assuming # 17 O (O 3 ) = 26 ‰ (Vicars and Savarino, 2014) . # 17 O of sulfate produced from HOX oxidation has not been directly determined from laboratory experiments. Since HOX promotes sulfate formation by adding one oxygen atom from H 2 O to sulfate instead of transferring its own oxygen atom (Fogelman et al., 1989; Troy and Margerum, 1991; Yiin and " $#! Margerum, 1988) , the #
17
O of sulfate produced from HOX oxidation is expected to be 0 ‰.
Here, we report observations of #
O of sulfate in atmospheric aerosols collected over a large spatial domain in the remote southern hemisphere MBL during spring and summer. We use these observations, combined with a global chemical transport model, to estimate the role of HOX in sulfate formation in the MBL.
Sampling and measurements
""$! Aerosol samples were collected on quartz fiber filters (Whatman) using high volume air samplers located at the front of the ships from two ship cruises: (1) "Malaspina" as part of the Malaspina Circumnavigation Campaign on board of RV Hespérides (González-Gaya et al., 2014) , and (2) "Xue-Long" as part of the 28th China Antarctic Research Expedition supported by the the Program of China Polar Environment Investigation and Assessment (Project No. CHINARE2011-2015 on board of the Xue-Long icebreaker. The quartz filters were pre-combusted at 450 °C for 8 hours and kept wrapped in ! ! (! converted to Na 2 SO 4 using ion exchange resin (AG 50 W-X8, 100-200 mesh, H + form, Bio-Rad, Hercules, CA, USA). 30%
"#$!
H 2 O 2 solution was added to remove organics, and Na 2 SO 4 was then converted to Ag 2 SO 4 using the ion exchange resin. The Ag 2 SO 4 was dried to a solid in a quartz cup and each sample was placed in a zero-blank autosampler attached to the continuous-flow inlet of the isotope ratio mass spectrometer (IRMS Bao et al., 2000) .
GEOS-Chem model
We use v9-02 of the GEOS-Chem global 3-D model (http://www.geos-chem.org/) of coupled oxidant-aerosol chemistry (Park et al., 2004) to simulate atmospheric sulfur chemistry and interpret our # 17 O(!""#$ ! !! ) observations. The model is driven by assimilated meteorological data from the NASA Goddard Earth Observing System (GEOS-5,
"(#!
http://gmao.gsfc.nasa.gov), which has a temporal resolution of 6 hours, with 3 hours for surface quantities and mixing depths.
Model simulations for the analysis of the cruise data were performed at 2°x2.5° horizontal resolution and 47 vertical levels up to 0.01 hPa using GEOS-5 meteorology corresponding to the timing of sample collection, after spinning up the model for one year.
The sulfate simulations were conducted in aerosol-only mode that used archived monthly mean OH, NO 3 , O 3 and total ")$! nitrate concentrations and production and loss rates for H 2 O 2 from the full-chemistry simulation as described in Park et al. (2004) . Sulfate in the model was produced from gas-phase oxidation of SO 2 (g) by OH, aqueous-phase oxidation of S(IV) by H 2 O 2 , O 3 , and metal-catalyzed O 2 (Alexander et al., 2009) , and heterogeneous oxidation on sea-salt aerosols by O 3 (Alexander et al., 2005) . Primary anthropogenic emissions of sulfate are 3.5% of total anthropogenic sulfur emissions in
Europe, an average of 1.5% in North America and 2.1% elsewhere. The anthropogenic emission inventories used in this ")#! study is the global emission inventory EDGAR v3 (Olivier et al., 2001) , supplemented by regional inventories such as STREETS (Streets et al., 2006) , EMEP (Vestreng and Klein, 2002) , and NEI2005 (Van Donkelaar et al., 2015) . The oceanic DMS inventory is from Kettle et al. (1999) . Sulfate formed from each oxidation pathway was treated as a separate "tracer" in the model with a corresponding # 17 O value as shown in Table 1 . Primary anthropogenic sulfate has a # 17 O of 0 ‰ (Lee et al., 2002) .
! ! )!
For pH-dependent S(IV) partitioning, bulk cloud water pH is calculated as described in Alexander et al. (2012) . Largescale models such as GEOS-Chem calculate the average chemistry of bulk cloud water rather than the chemistry of individual cloud droplets. This approach has been shown to significantly underestimate sulfate formation via oxidation of !" ! !! by O 3 by underestimating the fraction of S(IV) present as !" ! !! (Hegg et al., 1992; O'Dowd et al., 2000; Roelofs, 1993;  "*#! Yuen et al., 1996; Fahey and Pandis, 2003) . We use the Fahey and Pandis (2003) algorithm and the Yuen et al. (1996) parameterization in GEOS-Chem to account for the effect of heterogeneity in cloud drop pH on S(IV) partitioning as described in Alexander et al. (2012) .
Results

Observations of !
Except for one sample near the coast of China with a relatively high concentration of (Table 2) . A latitudinal gradient of !!" ! !! ! !"" is found in our data, where averaged !!" ! !! ! !"" between 50°S and 70°S is 50% higher than samples between 20°S and 40°S (1.5 versus 1.0 µg m -3 ). The difference is significant at the 95% "+#! confidence level. 
and O 3 oxidation leading to ! !" !!!""!" ! !! ! = 6.5 ‰. We can calculate the maximum contribution %$#! from "S(IV)+O 3 " (f O3,max ) for each sulfate sample by assuming no contribution from H 2 O 2 (i.e. all of the aqueous-phase S(IV) oxidation occurs via O 3 oxidation): 
where Figure 3a shows the comparison between modeled and observed
Comparison of modeled versus observed !
for the standard model run (as described in section 3). 
in all categories ( Table 2 ). The discrepancy between oxidation and heterogeneous oxidation by O 3 on the surface of sea salt aerosol to the total sulfate burden, respectively. The
%&$!
corresponding fractional contributions for samples in different categories are shown in Table 2 . f mod,O3 is largest in Category I (0.48) and smallest in Category II and IV (0.10) while f mod,OH is largest in Category IV (0.30), and smallest in Category I (0.04). Sulfate formation from in-cloud metal-catalyzed oxidation by O 2 and direct emission of anthropogenic sulfate contribute less than 1% of total sulfate in our samples and thus will be neglected in the discussion below.
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -395, 2016 Manuscript under review for journal Atmos. Chem. Phys. Sievering et al. (2004) . Other published data for samples with air originating from the remote Atlantic Ocean showed a !!" ! !! ! !"" between 0.9 and 4.5 µg m -3 (Alexander et al., 2012) , consistent with our observations. Higher observed
-70°S compared to 20°S -40°S could be due to a higher DMS emission flux over 50°-70°S
%'$! (Boucher et al., 2003) .
Previous studies have suggested a large contribution to sulfate formation from O 3 oxidation in the MBL as the aqueousphase reaction between S(IV) and O 3 is very fast at pH > 5 (Chameides and Stelson, 1992; Sievering et al, 1991; O'Dowd et al., 2000; Alexander et al., 2012) . These studies did not consider the HOX mechanism due to the large uncertainty in the reaction rates. As the reaction of HOX with 
Comparison of modeled versus observed
As shown in Fig 3a, (Table 3a) . The small increase in f mod,O3 occurs because of the reduction in the aqueous-phase sulfate production rate, which is caused by lower S(IV) due to faster removal of SO 2 by OH in the gas phase. A reduction in the aqueous-phase %)#! sulfate formation rate results in higher cloud-water pH, which increases the fraction of sulfate produced from O 3 oxidation, even though the total aqueous-phase sulfate production decreases.
Halving modeled O 3 concentrations results in a small decrease in f mod,O3 from 0.20 to 0.19 and a change of less than 0.01 in f mod,aq (Table 3b ). The decrease in f mod,O3 is small because f mod,O3 is mainly regulated by the cloud pH rather than O 3 abundance.
In other words, the sulfate burden from O 3 oxidation is limited by concentration of !" ! !! , not O 3 . As a result, halving O 3 has
Doubling modeled H 2 O 2 concentrations results in an increase in f mod,H2O2 from 0.57 to 0.66, a decrease in f mod,O3 from 0.20 to 0.14 (Table 3c ) and an increase in f mod,aq from 0.77 to 0.80. The increase in f mod,H2O2 causes an increase in
of less than 0.1 ‰, which is a small effect compared to the change in f mod,O3 that results in a decrease in
The decrease in f mod,O3 is caused by the decrease in cloud pH due to higher aqueous-phase sulfate production rate.
%*#!
Although doubling H 2 O 2 results in a decrease in #
17
O mod !!""!" ! !! ) of 0.4 ‰ on average, it is still too small to reconcile the
Cloud fraction sensitivity simulations
To assess the uncertainty regarding the modeled cloud amount, we perform a sensitivity study by halving the cloud fraction in the model. 
Cloud pH sensitivity simulations
&$$!
Previous work has shown that bulk cloud models tend to underestimate sulfate formed via the O 3 pathway by underestimating pH and thus underestimating the fraction of S(IV) that is in the form of !" ! !! . Yuen et al. (1996) developed a parameterization to correct for the underestimate in cloud pH by comparing a bulk cloud model with a cloud model that resolves the heterogeneity in cloud chemistry. The uncertainty in this parameterization, and thus the degree to which it might result in an overestimate of the contribution of O 3 to in-cloud sulfate formation in GEOS-Chem is difficult to assess.
&$#!
We perform a sensitivity study which neglects heterogeneity in cloud chemistry by turning off the Yuen et al. (1996) parameterization. By using only bulk cloud pH calculations, this is effectively a lower limit for cloud pH, and thus is a lower limit for the contribution of O 3 to in-cloud sulfate formation in the model in the absence of HOX. (Table 3e ).
Though averaged # 17 O mod (!""!" ! !! ) is not much larger than # 17 O obs (!""!" ! !! ) in the low cloud pH sensitivity study, the model does a poor job matching observations for samples with # 17 O obs (!""!" ! !! ) < 0.7 ‰. 25 out of 31 samples with
Contribution of HOX oxidation to sulfate formation
We can estimate the fractional contribution of HOX (f obs,HOX ) to total sulfate abundance necessary to explain the low # 17 O obs (!""!" ! !! ) by comparing modeled ! !" ! !""!" ! !! with observations. f obs,HOX is calculated as shown below:
The derivation of Eq. (8) is described in the Appendix A. Calculating f obs,HOX using Eq. (8) may overestimate f obs,HOX , as it assumes that the addition of "S(IV)+HOX" will not impact cloud pH. We estimate that this assumption overestimates calculation of f obs,HOX by about 15% (see Appendix A).
we use results from both the standard run in Sect. 4.2 and the low cloud pH run in Sect.
&&$!
5.2.3 to place bounds on f obs,HOX , using the low cloud pH sensitivity study as a lower limit for f obs,HOX . We assume
samples in the standard run and 22 samples in the low cloud pH run).
! !"#!!"# for each sample is shown in Fig. 4 for both runs. The averaged ! !"#!!"# is shown for samples in each category in Table 4a (standard run) We can estimate the concentration of HOX needed to achieve ! !"#!!"# using Eq. (9) below. The derivation of Eq. (9) is described in the Appendix A. Fogelman et al. (1989) and Troy and Margerum (1991) , respectively. We assume Troy and Margerum (1991) ) and Fogelman et al. (1989) ). We assume
which is the average of (2000)) and
& '#! (1996) and von Glasow et al. (2002) Table 4 . !!"#! !" needed to explain f obs,HOX is on the order of 100 pM and 10 pM for the standard run Table 4 . Due to the low solubility of HOX, under typical atmospheric conditions, more than 99% of total HOX is in the gas phase. Daily-averaged [HOX] g is on the order of 0.1 ppt and 0.01 ppt when using f obs,HOX from the standard run and low cloud pH run, respectively. Thus, gas-phase HOX concentration of ! 0.1 ppt or higher would be sufficient to explain the observed # 17 O(!""!" ! !! ) of our samples.
&##!
In comparison, the daily-averaged HOBr concentration over Southern Ocean (40°~64°S, below 100 m) modeled by 
&(#!
HOBr concentration of about 2 ppt, with a lower detection limit of about 0.2 ppt (Le Breton et al., 2015) . This is still much higher than our calculated daily-averaged [HOX] g , but it is likely that HOBr concentration could vary significantly with sampling locations and sampling time (Schmidt et al., 2016) . Field campaigns of HOX measurements are necessary to assess our calculated HOX concentration over our sampling regions. concentrations, halving cloud amount or using a lower limit for cloud pH in the model. Our calculations suggest that the discrepancy can be explained with a fractional contribution of sulfate abundance formed by HOX ranging from 33~50% over the entire area sampled, with the highest fraction (58~84%) in the Southern Ocean MBL. A daily-averaged gas-phase HOX concentration of ! 0.1 ppt or higher would be sufficient to explain the observed # 17 O(!""!" ! !! ) of our samples. This study provides the first observational constraint on the role of hypohalous acids in sulfate aerosol formation in the MBL.
! ! "'!
Future studies will implement the "S(IV) + HOX" reaction into GEOS-Chem to investigate the impacts of this reaction on the global sulfur budget and possible feedbacks on acid-catalyzed reactive halogen production.
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Hitherto, there is no observational constraint on HOX concentrations in the mid-and high-latitude remote MBL. Models have suggested a large range of HOX concentration on the order of 0.1 ppt (Schmidt et al., 2016) to 10 ppt (Vogt et al., 1996) over these regions. Here we quantify the daily-averaged HOX concentration indirectly from observed and modeled # 17 O of sulfate. First, we calculate the fractional contribution of the HOX oxidation pathway (f obs,HOX ) to sulfate abundance in our samples. Then, we calculate the HOX concentration needed to achieve this f obs,HOX .
&+#!
A1 Calculation of f obs,HOX
We assume all modeled sulfate in the MBL is formed via gas-phase OH oxidation and aqueous-phase H 2 O 2 or O 3 oxidation based on the insignificant contribution (<3%) of other sulfate sources in the model.
For the observations, we assume all sulfate in the MBL is formed via gas-phase OH oxidation, aqueous-phase H 2 O 2 , O 3 and HOX oxidation pathways: ! ! "#! f obs,HOX are needed, in addition to Eqs. (A3-A4). Here we assume f obs,O3 /f obs,H2O2 ratio is offset from f mod,O3 /f mod,H2O2 ratio by #r 1 and f obs,OH /f obs,H2O2 ratio is offset from f mod,OH /f mod,H2O2 ratio by #r 2 :
'"$! Combining Eqs. (A3-A6) and using Eqs. (A1-A2) yield:
where
and
Setting #f=0 yields Eq. (8) in Sect. 5.2.4. #f is zero when #r 1 = #r 2 =0, which effectively assumes that the decreases in f mod,OH , f mod,H2O2 and f mod,O3 after adding HOX in the model could be proportional to their relative fractions in the model. #r 1 will be zero if cloud pH is unchanged, i.e. the S(IV) partitioning will remain unchanged after adding "S(IV) + HOX" reaction. The potential magnitude of #f, which is dependent on the relative magnitude of #r 1 and #r 2 , is discussed below.
'%$! #r 1 is expected to be negative with the addition of "S(IV) + HOX" reaction. Additional sulfate production in the aqueous phase will decrease cloud pH, resulting in decreases in the fractional contribution of O 3 relative to H 2 O 2 (f O3 /f H2O2 ).
#r 2 is expected to be positive with the addition of "S(IV) + HOX" reaction. HOX competes with H 2 O 2 during oxidation of !"# ! ! in clouds, which causes a direct decrease in the fraction of sulfate formed via H 2 O 2 oxidation (f mod,H2O2 ). On the other hand, gas-phase sulfate production from oxidation of SO 2 by OH occurs mainly in the absence of clouds. Thus, adding "S(IV)
'%#! + HOX" reaction causes an indirect decrease in the fraction of sulfate formed via OH oxidation (f mod,OH ) by increasing incloud and consequent total sulfate production, which depends on the availability of S(IV). Our model indicates that in-cloud sulfate production is limited by S(IV) abundance among our sampling locations (see the doubling H 2 O 2 and O 3 simulation below), such that the decrease of f mod,OH is small compared to that of f mod,H2O2 with the addition of "S(IV) + HOX" reaction, which results in an increase in the fractional contribution of OH relative to H 2 O 2 (f OH /f H2O2 ). 
A2 Calculation of HOX concentration
We estimate the concentration of HOX needed to achieve ! !"#!!"# . First, we divide ! !"#!!"# into two parts:
where f 1,HOX and f 2,HOX are fractional contributions from "!"# ! !"# ! ! " reaction and "!"# ! !" ! !! " reaction, respectively.
'#$!
H 2 O 2 reacts with !"# ! ! only and O 3 reacts mainly with !" ! !! (Hoffmann and Calvert, 1985) , while HOX reacts quickly with both !"# ! ! and !" ! !! . Then we compare f 1,HOX with f obs,H2O2 and f 2,HOX with f obs,O3 :
where 
This is the same equation as Eq. (9) 
For the calculations of ! !"#!!"# , ! !"#!!"#" and ! !"#!!" in Sect. 5.4.2, both !! ! and !! ! are assumed to be zero. 
!
